Abstract. SAR/, a gene that has been isolated as a multicopy suppressor of the yeast ER-Golgi transport mutant secl2, encodes a novel GTP-binding protein.
I
s the secretory pathway, proteins that have been translocated across the membrane of ER are subject to further sorting and transport to their final destinations. The next step, transport from the ER to the Golgi apparatus, requires correct discrimination between proteins that should be retained in the ER and those to be transported to the Golgi. Recent studies have shown that anomalous folding or incomplete assembly of proteins in the ER prevents their transport to the Golgi, whereas some ER-localized proteins possess an ER retention signal (see Pfeffer and Rothman, 1987, for review) .
To understand molecular mechanisms underlying such sorting processes, it is important to identify the cellular machinery functioning in this interorganellar transport. Genetics has been successfully applied to the secretory pathway in yeast Saccharomyces cerevisiae, and as many as 12 genes are now known to be required in the ER-Golgi transport (Novick et al., 1980; Newman and Ferro-Novick, 1987) . We have recently cloned and analyzed one of these 12 genes, SEC12 (Nakano et al., 1988) . In the process of cloning, two distinct genes were found to complement a secl2 ts mutation. Genetic analysis has shown that one of these two is the authentic SEC12 gene. Using an antibody raised against a lacZ-SEC12 fusion gene product, we have identified the SEC12 gene product (Secl2p) as an integralmembrane glycoprotein. It resides in the ER and the Golgi, probably facing both the cytoplasmic and lumenal sides of the membranes.
In this study, we report that the second gene, which suppresses secl2 temperature-sensitive (ts) mutation when its Dr. Muramatsu's present address is DNAX Research Institute of Molecular and Cellular Biology, Palo Alto, CA 94304. gene dosage is raised, encodes a novel GTP-binding protein and is itself involved in the ER-Golgi transport. We have named it SAR/, to represent a secretion-associated and rassuperfamily-related gene. In this context, two other ms-related genes have been reported to play roles in the yeast secretory pathway. SEC4 is essential for the fusion of secretory vesicles with the plasma membrane, its product being associated with both of these membranes (Salminen and Novick, 1987; Goud et al., 1988) . YPT/plays multiple roles in yeast cell structure. Analysis of null and dominant lethal mutations of YP// first suggested a role in microtubule organization (Schmitt et al., 1986) , but recent reports describe that a cold-sensitive allele shows a transport arrest mainly in the Golgi (Segev et al., 1988) , whereas a ts allele accumulates ER and also shows a Ca 2÷ remedial phenotypc (Schmitt et al., 1988) . In this paper, we present a model that another GTP-binding protein, Sarlp, directly interacts with a membrane protein, Secl2p, on ER and/or Golgi membranes and regulates vesicular traffic between these two organelles.
Materials and Methods

Strains and Culture Conditions
Escherichia coli strains used in this study were SEI0 (F-Allac-pro] ara rpsL thi pyrF74:: Tn5 [~80dlacZAM15] ) for cloning experiments and MVl193 (A[ lac-proAB] thi supE Alsrl-recA] 306::Tn/0[teff] F' traD36proAB laclqZ AM15) (provided by Dr. J. Vieira, Waksman Insti-ade2 pep4) (Deshaies and Schekman, 1987) were described previously. Strain ANY'21 (MATa ura3 leu2 trpl his), which is isoganic to MBY1G-7A, was obtained by marker rescue of secl2-4 with the SECI2 gene (Nakano et al., 1988) . Strain JRY9 (MATct ura3 leu2 trpl his3 his4) (a gift from Dr. J. Rine, University of California, Berkeley) was mated with ANY21 to obtain a diploid strain ANY102 (MATa/MATc~ ura3/ura3 leu2/leu2 trpl/trpl his~his). ANY102 was transformed either with the disrupted secl2 (pANYI-8, see Nakano etal., 1988) to give ANYI04 (MATa/MATc~ SECl2/secl2:: URA3 ura3/ura3 leu2/leu2 trpl/trpl his~his) or with the disrupted sad (pMMY2-1, see below) to yield ANYI05 (MATa/MATc~ SARIIsarl::URA3 ura3/ura3 leu211eu2 trpl/trpl his~his) . ANYI05 was transformed with SAR/ multicopy plasmid, pSECI210, using LEU2 as a marker and subjected to sporulation and tetrad dissection. Spores were screened for Ura + Leu + phenotype and two representative haploid strains ANY22 (MATa sad:: URA3 ura3 leu2 trpl his p [SAM LEU2]) and ANY'24 (MATer sarl::URA3 ura3 leu2 trpl his p [SAR/LEU2]) were isolated. These baploids were further transformed with GALI-SARI plasmid (pANY2-18) using TRP1 as a marker and cultured in YPGal liquid medium at 30°C for 2 d to induce the plasmid loss of either pSEC1210 or pANY2-18. The cultures were streaked on YPGal plates and single colonies were screened for auxotrophic markers. Ura + Lan-Trp + strains, which lost pSECI210 but contained the GAL/-SAR/ fusion gene on the plasmid pANY2-18 and the disrupted version of sarl in the chromosome, were isolated and named ANY25 (MATa sad:: U A3 ura3 leu2 trpl his p [GALI-SARI TRPI] ) and ANY26 (MATc~ sarl: : URA3 ura3 leu2 trpl his p [GALI-SARI TRPI] ) was a gift from Dr. Y. Ohya (University of Tokyo) and used as a control of Gal-dependent growth.
Yeast strains were usually grown at 30°C in YP medium (2% polypeptone and 1% yeast extract) containing 2% glucose (YPD) or in Wickerham's minimal (MV) medium (Wickerham, 1946) containing 2% glucose and appropriate supplements (MVD). In labeling experiments, sulfate salts in MV media were replaced by chlorides, sec ts strains were cultured at 24°C and incubated at 37°C for restrictive experiments unless otherwise stated. For derepression or repression of the GAL/promoter, YP or MV medium was supplemented either with 5% galactose and 0.2% sucrose (YPGal and MVGal) or with 5% glucose (YPD and MVD) respectively. Although all strains used in this study except YOT18 contained the gal2 mutation, which is defective in galactose permease activity (Tschopp et al., 1986) , the GAL/ promoter was efficiently derepressed in the presence of 5% galactose because of the leakiness of gal2. Addition of 0.2% sucrose helped increase the slow growth rate in galaetose medium but did not affect the growth or repression of GAL/in the presence of glucose. Cell density was monitored by measuring OD650 using a spectrophotometer (Junior II; Coleman, Heywood, IL). One OD65o corresponded to ,~5 × 107 cells/ml. E. coli plasmids, pUCI8 (Yanisch-Perron, 1985) , pUCII8 and pUCll9 (Vieira and Messing, 1987) ; yeast multicopy plasmids YEpl3 (Broach et al., 1979) and pSEY8 ; yeast single-copy plasmids pSEYC58 and YCpGI1 (Ohya et al., 1986) ; and yeast integration plasmid YIp5 (Botstein and Davis, 1982) have been described elsewhere. Isolation of SEC12 and SAR/ original clones, pSEC1230 and pSECI210, respectively, which was done by Dr. M. Bernstein (University of California, Berkeley), has been described in a previous paper (Nakano et al., 1988) . pSECI212, pANY2-7, pANY2-10, pANY2-11, and pANY2-12 were derived from pSEYS, and pSEC1213, pANY2-9, and pANY2-13 were from pSEYC58, whose inserts are shown in Fig. 1 . pANY2-7 and pANY2-9 containing the Hind III-Sal I fragment from pSECI210 are also referred to as YEpSAR1 and YCpSAR1, respectively. To construct the plasmid for SAR/ disruption, the unique Nde I site in pUC18 was first destroyed by Nde I digestion and filling in with the Klenow fragment (pUC18 [NdeI-]). The *800-base Barn HI-Eco RI fragment from YEpSARI was inserted into the multicioning sites of pUCI8 (NdeI-) (pANY2-15) and the "~150-base Bgl II-Nde I fragment was deleted from the insert. YIp5 was digested with Barn HI and partially with Nde I, and the 3.1-kb fragment conraining the whole URA3 gene was purified. This fragment was inserted into the deleted part of the above plasmid pANY2-15 (pMMY2-1). The 3.9-kb Barn HI-Eco RI fragment from pMMY2-1 was used for the gene disruption 1. Abbreviations used in this paper: ARF, ADP-ribosylation factor; CPY, carboxypeptidase Y; MV, Wickerham's minimal medium; SRP, signal recognition particle; YP, 2% polypeptone, 1% yeast extract.
Plasmids and DNA Manipulations
experiment. The construction of GA/d-SAR/fusion plasmid, pANY2-18, is shown in Fig. 5 . pUCGI containing promoter regions of GAL/and GAL/0 was obtained from Y. Ohya.
DNA manipulations including restriction enzyme digestions, ligations, plasmid isolation, and E. coli transformation were carried out by the standard methods (suppliers' protocols; Maniatis et al., 1982) . Yeast transformation was performed by the quick method using lithium thiocyanate (Keszenman-Pereyra and Hieda, 1988) . Purification of DNA fragments from agarose gel pieces was performed using the GENECLEAN Kit (BIOI01, La Jolla, CA). DNA nucleotide sequences were determined by the dideoxy method (Sangar et al., 1977) in combination with the deletion technique using exonuclease BAL31 (International Biotechnologies, Inc., New Haven, CT). Single-stranded DNA as templates of sequencing reactions was prepared according to Vieira and Messing (1987) .
Southern and Northern Hybridization
G-enomic DNA for Southern hybridization analysis was prepared as described (Payne and Schekman, 1985) , digested with appropriate restriction enzymes, separated in an agarose gel, and transferred to a nitrocellulose membrane (Maniatis et al., 1982) . For Northern hybridization experiments, total RNA was prepared as described by Bernstein etal. (1985) and subjected to oligo(dT) column chromatography (Collaborative Research, Inc., Lexington, MA) according to the suppliers protocol. Purified poly(A) + RNA was electrophoresed in an agarose gel containing 2.2 M formaldehyde and transferred to nitrocellulose in the same way as for Southern hybridization. In both Southern and Northern hybridizations, blotted nitrocellulose membranes were rinsed with 2× SSC, baked in vacuo at 80°C for 2 h, and prehybridized in 5× SSC, 2× Denhardts', 100 ttg/ml salmon sperm DNA, 0.5% SDS, 10 mM Hepes-NaOH, pH 7.5, and 50% formamide (hybridization buffer) at 42°C for 4 h. DNA-DNA and DNA-RNA hybridization was achieved in the same hybridization buffer at 42°C for 15-20 h using •1 × 106 cpm/ml DNA probes, which were labeled with [c~-32p]dCTP by a random primer extension method using an oligolabeling kit (Pharmacia Fine Chemicals, Uppsala, Sweden). After hybridization, the membranes were washed once with 6× SSC/0.1% SDS at room temperature for 15 rain, three times with 0.1× SSC/0.1% SDS at 50°C for 15 rain each, and briefly with 0.1× SSC at room temperature, and then dried and autoradiographed.
Colony Hybridization and cDNA Cloning of SARl
The yeast cDNA library, pcD-Y, was provided by Dr. A. Miyajima (DNAX Research Institute, Palo Alto, CA) (Miyajima ct al., 1984) . 1 ~tg DNA of this library was used to transform E. coli SEI0 strain and ,,~106 independent clones were obtained. Seeding of the E. coli transformants on nitrocellulose membranes, amplification of plasmids with chloramphenicoi, replica plating, and immobilization of DNA on the membranes were carried out as described (Maniatis et al., 1982) . The membranes were washed three times with 3x SSC/0.1% SDS at 65°C for 1 h each and prehybridized in the above hybridization buffer at 42°C for 24 h. The hybridization was performed in the same buffer at 42°C for 21 h, using 1.3 x 106 cpm/mi 32p. labeled DNA fragment as a probe that was predicted to be internal to the second exon of the ganomic SAR/. The hybridized membranes were washed twice with 6x SSC/0.1% SDS at room temperature for 15 rain each and twice with 0.Ix SSC/0.1% SDS at 50°C for 1 h each, rinsed briefly with 0.1× SSC, and autoradiographed. Colonies that gave common positive signals in autoradiograms of duplicated membranes were retrieved from the master plates and subjected to the second screening. The candidate clones were purified, from which plasmids were isolated and analyzed by Southern blotting with the genomic SAR/probe. The plasmid containing the largest insert that hybridized with the probe was named pANY3-1.
for another 60 min. The membranes were washed four times with TBST for 5 min each and incubated in the blocking buffer containing 0.1 ~Ci/ml nSl-labeled Protein A (ICN Radiochemicals, Irvine, CA). After a 60-min incubation at room temperature, the membranes were again washed with TBST four times for 5 min each, dried, and autoradiographed. In some experiments, alkaline phosphatase--conjugated anti-rabbit IgG antibody (Jackson lmmunoReseareh Laboratories, Bar Harbor, ME) was used at a 1:5,000 dilution in place of [t25I]Protein A, and the immunoreactive proteins were visualized by a color reaction using nitro blue tetrazolium and 5-bromo-4-ehloro-3-indoryl phosphate as substrates.
Labeling of Cells and lmmunoprecipitation
The intracellular transport of a-factor and carboxypeptidase Y (CPY) in the galactose-dependent sarl mutant was examined by pulse-chase experiments. Cells (ANY26) were inoculated at 2 x 106/ml into MVGal or MVD medium containing 0.2% yeast extract and 100 tiM (NI-Lt)2SO4, and grown at 30°C for 12 h. 3 × 107 cells were harvested, washed with water, and resuspended in 1.5 ml of MVGal or MVD with no sulfate. After preincubation for 5 min for 5 min at 300C, cells were pulse-labeled with 12.5/~Ci/ml Tran35S-label (ICN Rediochemicals) at 30"C for 5 rain and then chased by the addition of 15/~1 of 300 mM (NH4)2SO4, 25 mM cysteine, and 27 mM methionine. 240-~d aliquots were withdrawn at appropriate time points, mixed with 2.4 ttl 1 M NaN3 on ice, and subjected to preparation of cell lysates by glnss-bead homogenization (Nakano et al., 1988) . When the secreted mature a-factor was to be analyzed, the labeling medium contained 0.2 mg/ml ovalbumin. After sedimentation of the cells by a brief centrifugation, 200 td of the medium was mixed with 5 #1 of 20% SDS, boiled for 5 min, and made to I ral by the addition of 2% Triton X-100 in PBS. cMactor and CPY were immunoprecipitated from the lysates and the media as described (Nakano et al., 1988) and analyzed by SDS-polyacrylamide gel electrophoresis and fluorography.
Homology Search in the Protein Data Base
Proteins catalogued in the protein data base provided by the National Biomedical Research Foundation were screened for homology with the predicted amino acid sequence of Sarlp. The FASTP program (Lipman and Pearson, 1985) was obtained from Software Development Co., Ltd. (Tokyo, Japan). The SEQFP program (Wilbur and Lipman, 1983) 
Results
Isolation of SAR1
In a previous study (Nakano et al., 1988) , we reported molecular cloning and analysis of the SEC12 gene, which is required for the transport of secretory, plasma membrane, and vacuolar proteins from the ER to the Golgi. For the cloning, a temperature-sensitive mutant, secl214, was transformed with a yeast genomic DNA library constructed on a multicopy plasmid YEpl3, and DNA clones that complemented the sec12 ts mutation were selected. Interestingly, two distinct clones were obtained and named pSEC1210 and pSEC1230. As described in detail in the previous paper, pSEC1230 contained the authentic SEC12 gene, and accordingly, the other clone pSEC1210 was assumed to contain a suppressor gene that conferred a Ts ÷ phenotype to sec12-4 only when overexpressed. This suppressor gene was designated SAR/.
To localize the suppression activity of the SAR/gene in the insert of pSEC1210, deletion analysis was performed. Various fragments from pSEC1210 were subcloned into a multicopy plasmid, pSEY8, or a single-copy CEN plasmid, pSEYC58, and introduced into secl2-4. Transformants were tested for growth at the restrictive temperature of secl2-4, 37°C (Fig. 1) . Unexpectedly, large DNA fragments that suppressed secl2-4 on a multicopy plasmid (Xho I-Sal I and Hind III-Sal I) did so on a single-copy plasmid as well, whereas the Bam HI-Eco RI fragment showed suppression activity only on a multicopy plasmid (see below). Smaller fragments (Xba I-Eco RI and Hind III-Bgl II) did not suppress sec12-4 even on a multicopy plasmid. The 1.3-kb Hind III-Sal I fragment, the smallest piece of DNA that suppressed sec12°4 on either a multicopy or single-copy plasmid, was subjected to nucleotide sequencing.
Nucleotide Sequence of SARI
The DNA sequence of the Hind III-Sal I fragment was determined by the dideoxy method (Fig. 2) . After a simple search for an open reading frame failed to find an appropriate initiator ATG codon, we recognized typical consensus sequences for RNA splicing, GTATGT and TACTAAC (boxes). Assuming that the GTATGT was the donor site of splicing and the first AG downstream the TACTAAC was the acceptor site, we found a complete open reading frame consisting of 573 bp (boMface). To confirm that the gene was in fact spliced, we isolated a cDNA clone of SAR/. A yeast cDNA library, pcD-Y, constructed by Miyajima et al. (1984) was used for screening. A ,~320-base DNA fragment was prepared from the genomic SAR/clone by Eco RI digest followed by ,~lS0-base upstream deletion by BAL31 nuclease and the second digest with Nde I. This fragment, which was predicted to be internal to the second exon, was labeled by random primer extension and used as a probe for colony hybridization. Among ,~llY colonies screened, 12 positives were isolated. The inserts were confirmed for hybridization with the SAR/probe, and the largest one was sequenced.
The result was in complete agreement with our prediction from the genomic sequence; RNA splicing had occurred between GT (297-298, numbers correspond to nucleotide positions in Fig. 2 ) and AG (434-435). When spliced, two exons gave an open reading frame coding for a polypeptide of 190 amino acid residues. The calculated molecular weight was 21,450. We hereafter refer to this predicted protein as Sarlp. In the cDNA sequence, G (211) was the first nucleotide observed. AATAAT (1,037-1,042) seemed to function as a poly A addition site. The 5'-flanking region contained several TATA sequences (double underline) . We assumed that one of the three TATAs upstream of the transcript (47-50, 63-66, 70-73) was used, but the downstream two TATAs (242-245, 254-257) may have functioned, though weakly, because the Bam HI-Eco RI fragment (187-1,020) suppressed secl2 only when it was on a multicopy plasmid.
Sarlp Is a Novel Member of the GTP-binding Protein Superfamily
The predicted amino acid sequence of Sarlp was used to search for homologous proteins in the protein data bank from the National Biomedical Research Foundation. The FASTP algorithm (Lipman and Pearson, 1985) picked up yeast rasrelated Yptl protein (Gallwitz et al., 1983) with 25.9% identity over 116 amino acids. The SEQFP algorithm (Wilbur and Lipman, 1983 ) also retrieved ms-family proteins, yeast RAS1, RAS2, human H-ms, K-ras, N-ms, and many others homologous to Sarlp, with amino acid identity ranging from Dever et al. (1987) have proposed that GTPbinding domains of ms-related proteins are composed of three consensus motifs, GXXXXGK, DXXG, and NKXD, which are aligned in distinct spacings. The first and the second sequences are considered to constitute the active site for GTP hydrolysis and the third dement is believed essential for the recognition of guanine base (de Vos et al., 1988; l.x~chrie and Simon, 1988) . The conserved sequences in Sarlp and other GTP-binding proteins in Table I correspond exactly to these three sites. Spacing requirements (Dever et al., 1987) , namely, 40-80 or 130-170 amino acid residues between the first and second elements and 40-80 residues between the second and third ones, are completely satisfied in Sarlp. According to the calculation by Dever et al. (1987) , the probability of the three consensus sequences correctly spaced is at most 1/5,000. It thus is most probable that Sarlp is a novel member of the GTP-binding protein superfamily.
Suppression of secl2 by SAR1
As shown in Fig. 1 , SAR/suppressed sec12-4 either on a mul-AATAAT (1,0~-1,042) before poly A (asterisks). The sequence between nuclcotides 296 and 436 is missing in eDNA, yielding an open reading frame of 573 bp (bold face). The predicted amino acid sequence is shown in one-letter code. Upstream TATA sequences are indicated by double underlines. d, Haubruck et al., 1987; e, Touchot et al., 1987 (they have also reported the sequence of rat rabl that is identical to that of mouse yptl ); f, DeFeo-Jones et al., 1983; Powers et al., 1984; Dhar et al., 1984; g, Fukui and Kaziro, 1985; h, Reymond et al., 1984; i, Dlutr et al., 1982; j, Capon et al., 1983; Reddy, 1983; k, Madanle et al., 1987; l, Madaule and Axel, 1985; m, Chardin and Tavitian, 1986; n, Nakafuku et al., 1987; Dietzel and Kurjan, 1987 (the same gene was called SCG1 in their paper); o, Nakafuku et al., 1988; p, Itoh et al., 1986; q, Yatsunami and Klmrana, 1985; Tanabe et al., 1985; r, Sewell and Kahn, 1988; s, Arai et al., 1980; t, Nagata et al., 1984; Schirmaier and Philippsen, 1984; Cottrelle et al., 1985; u, Kikuehi et al., 1988; v, Ahnn et al., 1986 ; w, March and Inouye, 1985. * Consensus means the most common amino acid residue in this table appearing more than ten times. A denotes hydrophobic aliphatic residues (V, I, or L).
ticopy or single-copy plasmid. The details of this phenomenon were examined further. The Hind III-Sal I fragment of pSECl210 was subcloned into multicopy pSEY8 or singlecopy pSEYC58 vector to yield SAP,/ plasmids, which we hereafter refer to as YEpSAR1 and YCpSAR1, respectively. SEC12 has three ts isolates, sec12-1, sec12-3, and sec12-4. These mutants were transformed with either YEpSAR1 or YCpSAR1 and cultured at the restrictive temperature 37°C. The two plasmids were both capable of suppressing each seal2 isolate; every transformant not only grew but also secreted invertase at 37"C, irrespective of the isolate or the copy number of SAR/ plasmid (see Table H bly artifacts due to read-through from vector promoters (lane 2). Vectors alone did not affect the expression level of SAR/ (data not shown). The level of SAR1 transcript in these secl2 transformants was quantified by densitometer scanning; the ratio of transformant:control was 8-10:1 for YEpSAR1 and 2-2.5:1 for YCpSAR1. Thus, as measured by the average RNA abundance, the duplication of SAR/dosage suppressed secl2 ts phenotype. A disruption of chromosomal SEC12 gene is lethal (Nakano et al., 1988) . The effect of SAR/overexpression on the lethality of a SEC12 deletion was tested. The multicopy SAR/ plasmid pSEC1210 or the SEC12 plasmid pSEC1230 was introduced into a heterozygous diploid in which one copy of chromosomal SEC12 was disrupted (SEC12/secl2:: URA3). Transformants were sporulated and tetrads dissected. When the SEC12 plasmid, pSEC1230, was provided as a control, about 40 % of the tetrads harbored the plasmid and gave rise to complete four viable spores. However, in the case of SAR/plasmid pSEC1210, none of the tetrads dissected gave more than two viable spores. About 20% of the tetrads contained the multicopy SAR/plasmid, but all viable spores had the wild-type SEC12 and no secl2::URA3 haploid survived. Thus, overexpression of SAR/ was unable to replace the SECI2 function in the secI2 deletion mutant.
Next, suppression by SAR/was examined with other sec mutations. 30 sec ts mutants, sec-sec23 (including two isolates of sec7 and three of secl2), sec53, sec59, sec61, and sec62, were transformed with either YEpSAR1 or YCpSARI and tested for growth at 37°C. As shown in Table II , none of these sec mutants, except secl2, grew at 37°C when they were transformed with the single-copy YCpSAR1. In the presence of the multicopy YEpSAR1, however, secl6 became viable at 37°C. set6 was also weakly suppressed by the single-copy YCpSAR1; it grew at 33°C in the presence of either YCpSAR1 or YEpSAR1 but not in the absence of the plasmid (data not shown). Thus, SARd genetically interacts not only with secl2 but also with secl6, which is another sec mutant defective in ER-Golgi transport.
Construction of sarl Mutants
To address the cellular function of SAR/, we attempted to construct mutants. First, the null mutant of SAR/ was prepared by gene disruption. From the genomic SAR/gene, a ,,ol50-base Bgl II-Nde I fragment containing a part of the intron and a part of the second exon was deleted. The URA3 gene, which was prepared as a 3.1-kb fragment from YIp5 by Barn HI/Nde I partial digestion, was inserted into the deleted part of SAR/. The resulting disrupted copy of SAR/ gene was excised out from the plasmid by Barn HI/Eco RI digestion, and introduced into a diploid strain which was this disruption occurred at the SAR/locus, a Southern hybridization experiment was performed. Chromosomal DNA prepared from the original diploid strain, the diploid transformant with the disrupted sarl, and several surviving spores, was digested with Barn HI/Eco RI, resolved in an agarose gel, and transferred to a nitrocellulose membrane. Fig. 4 shows the result of hybridization using the 320-base SAR/internal fragment as a probe. The original diploid (lane /) showed the wild-type band only (0.8 kb), whereas the diploid transformant (lane 2) gave rise to an additional band (3.9 kb), indicating that one of the chromosomal SARI alleles was replaced by the disrupted copy. All viable progeny contained the wild-type gene (lanes 3-8) . Thus the disruption of SAR/ in the chromosome was a lethal event. Another strategy of disruption, the insertion of LEU2 gene into the Bgl II site, gave essentially the same result (not shown). A microscopic examination showed that the spores with the disrupted sarl did not initiate budding, as was also the case with SEC12 disruption. Figure 3 . Expression of SAR/in the secl2 mutant. Northern hybridization experiment was performed for sed2-4 strain with or without SAR/plasmids. Cells of MBY10-7A (sed2), MBY10-7A/YEpSAR1, and MBY10-7A/YCpSARI were grown overnight at 24°C (without plasmid) or 37°C (with plasmid) in MVD medium. Total RNA was extracted from the log-phase cells and subjected to oligo(dT) column chromatography. (Poly A) + RNA was purified, ~7 #g of which (equivalent to 2 × l0 s cells) was separated in an agarose gel and transferred to a nitrocellulose membrane. Hybridization was achieved under a stringent condition, using a DNA fragment internal to the second exon of SAR/, and the SAR/ message (750 bases) was visualized by autoradiography. Slowly migrating species are probably artifacts due to promoters on the vector (pSEY8).
homozygous for SEC12, SAR1, and ura3. Representative transformants were subjected to sporulation. Among 55 tetrads dissected, 39 gave rise to two viable spores and 16 produced only one. None of these viable spores contained URA3 gene, the marker of the SAR/disruption. To show that
Test of SAR1 Function in Secretory Pathway
Conditional lethal mutants of SAR/ were required for the functional analysis. One approach to obtain such a mutant was to place the SAR/gene under the control of a regulatable promoter. To do this, a gene fusion of GAL/and SAR/was constructed. The procedures are summarized in Fig. 5 . Briefly, the 1.2-kb Barn HI-Sal I fragment from YEpSAR1, which contained '~80-base upstream sequence from ATG, the coding sequence including the intron, and the whole 3'-flanking region, was subcloned into a single-copy plasmid, YCpG11. The 0.8-kb Barn HI-Eco RI fragment from pUCG1, containing the GAL/ promoter, was inserted in the right orientation in front of the above SAR/gene. To test if this fusion gene could express SAR/in a galactose-dependent manner, the plasmid was introduced into secl2 and SEC12 strains. The transformants were grown in MVGal medium (Wickerham's minimal medium plus 5% galactos¢ and 0.2% sucrose) at 24°C and then streaked on YPGal (YP plus 5 % galactose and 0.2% sucrose) or YPD (YP plus 2% glucose) plates and incubated at 24 or 33°C (Fig. 6) . On YPD plates, secl2 did not grow at 33°C. On YPGal plates, however, secl2 grew at both 24 and 33°C. This indicates that the SAR/gene in the plasmid was functional in suppressing secl2 ts in the presence of galactose but not in glucose.
The GALI-SARI plasmid was then introduced into the cells which had their chromosomal SAR/gene disrupted. To do this, a heterozygous diploid, SARI/sarl::URA3 (leu2/leu2 trpl/trpI), was first transformed with the original genomic SAR/plasmid, pSEC1210 (containing LEU2). After sporulation and tetrad dissection, the haploid cells containing the disrupted copy of SAR/in the chromosome and the wild-type gene on the plasmid were selected (Ura ÷ l_~u + Trp-). Representative haploids were further transformed with the above GALI-SARI fusion plasmid containing TRP1. Trp + cells were selected and cultured in liquid YPGal medium for 2 d. Without any selective pressure during this liquid culture, some cells lost the genomic SAR/plasmid (Ura + Leu-Trp +) and others dropped the GALI-SARI plasmid (Ura + Leu + Trp-). The former cells, which contained the functional SAR/gene only on the GALI-SARI fusion plasmid, were the desired mutants. Figure 4 . Disruption of SAR/is lethal. Genomic DNA was prepared from ANY102 (SARI/SARI), ANYI05 (SARI/sarI::URA3), and several viable spores obtained by sporulation and dissection of ANYI05. After digestion with Barn HI and Eco RI, DNA was resolved in an agarose gel and transferred to a nitrocellulose. Hybridization was done with SAR/probe. 0.8 kb, the band derived from the wild-type SAR/; 3.9 kb, the band derived from sarl::URA3.
These cells grew normally in the presence of galactose (YPGal) but ceased growth when transferred to a glucosecontaining medium (YPD, YP plus 5 % glucose for liquid culture). A typical growth curve is shown in Fig. 7 . The cells slowed down the growth ,,o12 h after the shift from YPGal to YPD medium, and completely stopped the increase of OD650 by 18 h. This growth arrest was reversible; the cells revived when they were washed and replenished with galactose, though the viability decreased after a long arrest in the presence of glucose (data not shown). The arrested ceils did not show an apparent change in the population of budded cells, suggesting that there was no defect in a particular stage of the cell cycle.
Using this galactose-dependent mutant ofsarl, the process of protein secretion was examined. In an experiment similar to the one in Fig. 7 , aliquots of cell suspension were taken from the culture at appropriate time points, and cell lysates were prepared. The lysates were resolved in an SDS-gel, transferred to a nitrocellulose membrane, and subjected to immunoblotting using anti-prepro-ot-factor antibody. As shown in Fig. 8 A, the galactose-dependent sarl mutant accumulated two species of or-factor precursor 12-18 h after the transfer from galactose to glucose medium (lanes 3-5). These species exactly comigrated with core-glycosylated pro-u-factor, gp3 and gp2, which were seen in the ERaccumulating mutants secl2 and secl8 (lanes 6 and 7). Accumulation of highly glycosylated precursor was not observed. Appearance of gp2 was exaggerated in longer incubation in glucose medium (lanes 4 and 5), which might be a secondary effect. The accumulation of the ER-forms was not due to the presence of GALI-SAR1 plasmid itself, because when the sarl phenotype was complemented by the constitutive SAM plasmid, pSEC1210, no such accumulation was observed (lanes 9 and 10). The intracelmlar transport of c~-tactor was further analyzed by a pulse-chase experiment. The sarl mutant cells were cultured in galactose or glucose for 12 h and pulselabeled with 35S for 5 min. After chase, cell lysates and media were subjected to immunoprecipitation of t~-factor. As shown in Fig. 8 B, cells transported and secreted u-factor normally in the control (+Gal). Early processing from prepro-a to ER-and Golgi-forms of pro-ct was seen at 0 min chase, and appearance of extracellular mature a-factor was almost complete by 10 min chase. In the restrictive incubation (+Glc), however, most of the ER form did not undergo further processing and remained in the cell even at 10 min chase; only a little secretion of mature a-factor was observed. The Golgi form did not accumulate significantly. The band migrating at ,x,22 kD (asterisk), which may be unglycosylated pro-or-factor, was not chased rapidly either in galactose or glucose incubation. Thus, both immunoblotting and pulse-chase experiments indicated that sarl is defective in a-factor secretion and accumulates the ER precursor species under the restrictive condition.
The sarl mutant was also examined for intracellular transport of a vacuolar protein, CPY. The same samples as in Fig.  8 A were analyzed by immunoblotting using anti-CPY antibody (Fig. 9 A) . When the sarl cells were incubated in glucose to repress SAR/ function, a novel precursor form of CPY accumulated (lanes 3-5) that comigrated with the ER form, pl, seen in sec12 and sec18 (lanes 6 and 7) . The accumulation of the pl form was not detected when the mutant contained the constitutive SAM gene (not shown). In this immunoblotting analysis of CPY, the accumulation of the ER form seems less severe than secl2 and sec18, unlike the case of a-factor, although the reason is unclear. It may also be noticed that the proportion of p2 CPY increased when the sarl cells were incubated in glucose medium (see lane 2). However, the same phenomenon was observed when the wildtype cells were shifted from galactose to glucose (not shown) and probably is not related to the Sarlp deficiency. To exclude the possibility that gene repression by virtue of the GAL/ promoter is itself responsible for the pl accumulation in this sarl mutant, the effect of repression of another essential gene, CMD1, coding for yeast calmodulin, was examined. A strain containing the GALI-CMD1 fusion gene on a plasmid but having had its chromosomal copy disrupted was obtained from Dr. Y. Ohya. This strain, which also showed a Galdependent growth phenotype (Ohya and Anraku, 1989) , was incubated in glucose medium for 18 h and intracellular CPY was analyzed. As shown in lanes 9 and 10 of Fig. 9 A, this Gal-dependent cmd/mutant did not exhibit any anomalous accumulation of CPY precursors 18 h after transfer from galactose to glucose, although the cells ceased growth before 12 h.
A pulse-chase analysis was also carried out on the transport of CPY. In a similar experiment as in Fig. 8 B, the sarl cells were incubated in galactose or glucose for 12 h, pulselabeled with 35S for 5 min, and chased (Fig. 9 B) . In constrast to the control (+ Gal), sarl under the restrictive condition (+Glc) was blocked in processing of CPY from the pl to the p2 form. Only a little proportion of the labeled molecules seemed to have escaped the block, giving rise to the mature CPY at 45 min (lane 12). Appearance of p2 form was not obvious in the same incubation. Thus, the transport of a vacuolar protein was also affected by the SAR/deficiency at the step of exit from the ER. It should be noted here that conversion of pl to p2 seems to be rate limiting even in the control, which is not the case with normally growing wildtype cells (see Payne et al., 1988) . This might be due to the slower cell growth in galactose. Alternatively, the overproduction of Sarlp by GAL/promoter could have influenced the ER-Golgi transport somehow, although it did not affect the growth of wild-type cells significantly (data not shown).
Taken together, we conclude that intact SAM is required for the protein transport from the ER to the Golgi, like other SEC genes involved in the ER-Golgi step. Figure 6 . Gal-dependent expression of SAR/. The single-copy plasmid pANY2-18 containing the GAL1-SARI fusion gene was introduced into MBYI0-7A (secl2-4) and ANY21 (SEC+). The cells were grown in a minimal medium containing galactose (MVGal), streaked out on YP plates containing either galactose or glucose, and incubated at 24 or 33°C. Note that the temperature sensitivity of sec12 was suppressed by the plasmid in galactose.
| 8
O . ~ Ineubstion Time (11) Figure 7 . Growth of Gal-dependent sarl mutant. The GAL/-SAR/ plasmid pANY2-1g was introduced into a haploid strain with its chromosomal SAR/ gene disrupted (sarl::URA3), by using the plasmid exchange with pSEC1210 (for details see text). The resultant galactose-dependent sarl mutant (ANY25) was grown to latelog phase in YPGal medium. Cells were washed with sterile water, inoculated into either YPGal or YPD, and incubated at 30°C. The increase of cell density was monitored by measuring OD~o with a spectrophotometer (Coleman).
Discussion
In this paper, we have presented evidence that a novel essential gene of yeast, SAR/, encodes a GTP-binding protein and is involved in protein transport from the ER to the Golgi. Sequence analysis of SAR/has shown that the gene codes for a 21-kD protein (Sarlp) containing amino acid sequences that are highly conserved among various GTP-binding proteins. The evidence that Sarlp is involved in ER-Golgi transport comes from the analysis of a conditional-lethal, galactosedependent sarl mutant, This mutant, under a restrictive condition, accumulates the core-glycosylated ER-forms of proa-factor and proCPY. SAR/genetically interacts with SEC12, which is already known as an essential gene required for ERGolgi transport; perhaps the interaction is between their protein products. Here we discuss these results and the roles of the two gene products in the first step of vesicular transport in the secretory pathway.
Interaction between SEC12 and SAR1
SAR/has been isolated as a suppressor gene of a secl2 ts mutation that confers a Ts + phenotype to the mutant when it is introduced on a multicopy plasmid. Interestingly, this suppression of the sec12 ts mutation can be seen by a single-copy SAR/plasmid, too. There is a single SAM locus in the chromoThe Journal of Cell Biology, Volume 109, 1989 Figure 8 . sarl accumulates ER-form of a-factor precursor. (A) Immunoblotting analysis. The Gal-dependent sarl mutant (ANY26) was incubated in YPGal (Gal) or YPD (Glc) medium as in the experiment in Fig. 7 . At times indicated (9-18 h), aliquots were taken and lysates were prepared by glass bead-homogenization in SDS. The lysates were electrophoresed in a 12.5% SDS-gel and subjected to immunoblotting using anti-prepro-a-factor antibody. The ERaccumulating ts mutants, MBY10-7C (sed2) and MBY12-6D (secl8), and an ER-translocation mutant RDM50-94C (sec62) were grown in YPD at 24°C and, after 3 h additional incubation at 37°C, harvested to prepare lysates. As a SAR/+ control, ANY26/pSECI210 harboring both regulatory GAL/-SAR/ plasmid (pANY2-18) and constitutive SAR/plasmid (pSEC1210) was incubated for 18 h in MVGal or MVD lacking Trp and I.,¢u to keep both of the plasmids, and intracellular c~-factor was analyzed as above, gp3 and gp2, proix-factor harboring three and two core oligosaccharide chains, respectively; pp, prepro-c~-factor precursor. (B) Pulse-chase experiment. sarl cells (ANY26) were cultured in galactose or glucose medium with low sulfate at 30°C for 12 h. 2.5 x 107 cells were harvested, washed, resuspended in sulfate-free medium, and pulselabeled with 12.5 #Ci/ml Tran35S-label for 5 min. Chase was started by the addition of excess sulfate, cysteine, and methionine. Aliquots were taken at times indicated and mixed with NaN3 on ice to terminate the reaction. Cell lysates were prepared and subjected to immunoprecipitation with anti-prepro-tx-factor antibody (i). o~factor was also immunoprecipitated from medium at 5-and 10-min chase some, meaning that the duplication of SAR/is enough to suppress the secl2 ts phenotype. In contrast to the ts mutants, the lethality ofsecl2 deletion mutant cannot be rescued even by the multicopy SAM. These observations lead to an important notion that the suppression by SAR/requires the secl2 gene product, even though it is partially defective. We suggest that this is indicative of a direct interaction between the two gene products, Secl2p and Sarlp. When the function of Secl2p is partly injured, elevation of Sarlp level may help keep the function of the complex normal. Cloning and structural analysis of the mutant secl2 genes will be necessary for further investigation of the suppression mechanism.
The suppression by gene duplication has also been reported in the case of the SEC4 gene, which is required in a later step of secretion, fusion of secretory vesicles with the plasma membrane. SEC4 suppresses sec2, secS, and secl5 ts mutations on a single-copy plasmid (Salminen and Novick, 1987) . Sec4p is also shown to be a ms-related GTP-binding protein.
We will come back to a view on the roles of these GTP-binding proteins in secretory pathway later.
S A R I Encodes a Novel GTP-binding Protein
The sequence analysis of SAR/gene has revealed that it contains an intron. This is not a very frequent event for nuclear genes of Saccharomyus cerevisiae, although we do not know at present what it means. The spliced message codes for a protein consisting of 190 amino acid residues, which shows significant homology to a wide variety of GTP-binding proteins.
As shown in Table I , Sarlp possesses three consensus elements of GTP-binding domains in a complete fashion, both in sequence similarity and in spacings between them. The first two elements, GXXXXGK and DXXG, are necessary for the binding of phosphate group and GTPase activity, whereas the third one is essential for the specific recognition of guanine base. Statistically, the probability that the three consensus sequences in correct spacings arise by chance is negligible (Dever et al., 1987) . The remarkable sequence similarity in these elements strongly suggests that Sarlp is also a GTP-binding protein. A preliminary GTP-blotting experiment with a recombinant Sarlp expressed in E. coli has indicated that the protein in fact binds GTP (Nakano, A., unpublished results) . Thus, we conclude that Sarlp is a novel member of GTP-binding protein superfamily.
In the large superfamily of GTP-binding proteins, which protein does Sarlp resemble best? We tentatively classify the proteins listed in Table I (Hansen et al., 1986) . The band migrating at ,x,22 kD (*) may be unglycosylated pro-c~-factor. Fig. 8 A were subjected to an immunoblotting analysis of intracellular CPY. Note the appearance of pl species in sarl cultured in glucose medium for 12-18 h, as well as in secl2 and secl8. Strain RDMI5-5B (sec61 pep4) was also cultured at 3"/°C for 3 h and included in the analysis to show the mobility of pp and p2 species. In addition, another Gal-dependent mutant YOT18 containing a yeast calmedulin gene (CMD1) under GAL/ control was cultured in YPGal or YPD for 18 h and analyzed for CPY. pp, preproCPY; pl and p2, ER-and Golgi-forms of proCPY, respectively; m, mature CPY, (B) sarl (ANY26) cells incubated in galactose or glucose for 12 h were pulse-labeled and chased as in Fig. 8 B, and subjected to immunoprecipitation of CPY and SDS-PAGE.
tion 12 by the numbering ofc-ras-H. This residue is believed to play a key role in GTPase activity (see Barbacid, 1987) . Many oncogenic ras gene products have this residue substituted by arginine, valine, or something else; stay at the activated GTP-bound state longer because of the decreased GTPase activity; and hence exhibit a strong transforming activity. The YPT/family commonly contains a serine or threonine residue here instead of glycine, whereas elongation factors conserve valine. In SAR/, aspartic acid is used at this position. The family of ARFs also contains an aspartic acid at this position. Secondly, there are two typical patterns of the three motifs, ras-type G ( G / A ) G G V G K . . . DTAGQ • . . VGNKXD and G-protein-type G A G E S G K . . . DVGGQ • . . FLNKXD. The sequences in Sarlp do not fit either of the two types. Thirdly, ras, rho, and ral proteins have a common sequence CAAX at the COOH terminus, where A denotes an aliphatic residue, and the proteins of YPT/family terminate with CC (not shown in Table II ). Cysteine residues in the COOH-terminal region of these proteins are reported to function as a site for the addition of palmitic acid and polyisoprenoid, thus making the protein anchored in the membrane (Barbacid, 1987; Fujiyama and Tamanoi, 1986; Molenaar et al., 1988; Goud et al., 1988; Hancock et al., 1989) . Sarlp does not have a cysteine residue near the COOH terminus. Lastly, as far as the size of the protein is concerned, 21-kD Sarlp is apparently closer to ras, YP71, rho, and ARF families than to G proteins or elongation factors.
Interestingly, direct homology analysis with each subgroup has highlighted significant similarity of Sarlp to the ARF family. The amino acid identity between Sarlp and yeast ARF is 34.5 % over 168 residues. They are also similar in that they conserve aspartic acid at the position corresponding to c-ras-H Gly-12 and do not have cysteine residues near the COOH terminus. However, we do not know whether it is appropriate to categorize Sarlp and ARFs into the same subgroup. The NH2-terminal motif in ARFs (MGXXX[S/A]), which is considered to act as a myristylation signal (Sewell and Kahn, 1988) , does not exist in Sarlp. Furthermore, the functional relationship between Sarlp and ARFs seems distant at present. The mammalian ARF has been shown necessary for ADP-ribosylation of Gs ot subunit by cholera toxin (Kahn and Gilman, 1986) , but no such reaction has been reported in yeast. The analysis of yeast ARF gene function will be important to address this problem. Again, we would like to define Sarlp as a novel type of member in the expanding ms superfamily. One should remember here that the glycine residue at position 12 by the numbering of c-ras-H is not essential for GTPase activity; EF-Tu turns into a potent GTPase when correctly targeted to the ribosome (see Kaziro, 1978) . It should be also pointed out that neither lipid modification at the COOH terminus nor myristylation at the NH~ terminus is prerequisite for binding to the membranes; Gs o~ subunits that are not acylated fulfill membrane association through the interaction with/3 and 3' subunits (Lochrie and Simon, 1988) .
Sarlp as a Protein Required for ER-Golgi Transport
We have shown that both SEC12 and SARI are essential for
The Journal of Cell Biology, Volume 109, 1989 cell growth. The putative interaction between the two gene products as predicted from genetic analysis suggests that Sarlp cooperates with Secl2p in promoting protein transport from the ER to the Golgi. The phenotype of the Galdependent sarl strain supports this view. When SAR/ is placed under control of the GAL/promoter, its expression is induced in the presence of galactose and repressed in the presence of glucose. In fact, the GALI-SARI fusion gene suppresses sec12 ts growth in galactose but not in glucose. This fusion gene has been introduced into a sarl deletion mutant to yield a conditional lethal mutant that grows only in galactose medium. When the culture is shifted from galactose to glucose medium, division continues for a while, but eventually stops probably because the preexisting Sarlp is depleted (Fig. 7) . At this restrictive stage cells accumulate a secretory protein, or-mating factor, intracellularly (Fig. 8) . The accumulating species comigrate with the core-glycosylated precursor forms that are seen in ER-accumulating mutants such as sec12 and sec18. A vacuolar protein, CPY, also accumulates in a core-glycosylated form (Fig. 9 ). Thus, sarl shows a transport defect at a very similar point in secretory pathway to sec12. Formally, we cannot rule out a possibility that the defect seen in this sarl mutant is a terminal phenotype that is indirectly affected by the decreased viability of the cells. However, another Gal-dependent mutant of calmodulin (cmd/), which shows almost the same growth phenotype in glucose medium (Ohya and Anraku, 1989) , does not exhibit any defect in the ER-Golgi transport (see Fig. 9 ). This supports the idea that SARd plays a specific role in the ERGolgi transport. Isolation of other types of conditional mutants, e.g., ts or cs alleles, will be helpful for the further analysis. As is also true for other ER-blocking sec mutants, the defect in ER-Golgi transport does not necessarily mean that Sarlp is involved only in this step. Subcellular localization of Sarlp will also help obtain further insights into the mode of action of this protein.
Role of a GTP-binding Protein in IntraceUular Transport
Evidence is accumulating that there are several GTP-binding proteins functioning in protein secretion. In addition to SEC4, which is required in the exocytosis of secretory vesicles, YPT/has been shown to be involved in transport somewhere around the ER and/or Golgi (Segev et al., 1988; Schmitt et al., 1988) . Melan~on et al. (1987) and Beckers and Balch (1989) have shown that GTP-'yS, a nonhydrolyzable analogue of GTP, inhibits the transport of a viral glycoprotein through the Golgi and from the ER to the Golgi, respectively, using mammalian cell-free systems, although the target GTP-binding protein(s) have not been identified. Baker et al. (1988) and Ruohola et al. (1988) have also reported inhibition by GTP-3'S of ER-Golgi transport of co-factor in yeast cell-free systems. Studies on the protein translocation across the ER membranes have also revealed involvement of GTPbinding proteins including the signal recognition particle (SRP) receptor c~ subunit, and the 54K subunit of SRP Gilmore, 1986, 1989; R6misch et al., 1989; Bernstein et al., 1989) .
A popular interpretation for the roles of these GTPbinding proteins is due to the analogy to the regulatory G proteins' function in transmembrane signaling across the plasma membrane (Gilman, 1987) . If the GTP-binding proteins mentioned above indeed play similar roles in secretory pathway to G proteins, what kind of signals do they transduce? What could be a regulatory function executed in a constitutive secretion? In the case of Sarlp, the existence of a putative partner, Secl2p, is reminiscent of receptor/Gprotein interactions on the plasma membrane. Although there is no evidence that Secl2p is a receptor, it could transmit as a transmembrane protein a signal from the lumenal side to the cytoplasm. The signal might be the sorting information in the lumen of the ER and/or Golgi and also could instruct the cytoplasmic machinery for budding, transport, or fusion of vesicles. Recent studies have suggested a close interaction of the ER network with microtubules (Dabora and Sheetz, 1988; Lee and Chen, 1988) . Possibly, this and other cytoskeletal systems may be a target of a lumenal signal transduced by the Secl2p.Sarlp complex.
On the other hand, another class of well-characterized GTP-binding proteins, polypeptide chain elongation factors, provide a different view. The functional basis of all GTP-binding proteins is the strict conversion of their conformation by the ligand change between GTP and GDP. As a prototype of the GTP-binding protein superfamily, structure-function relationships of bacterial EF-Tu have been extensively investigated with a focus on GDP-GTP allosterism by various kinds of biochemical (see Kaziro, 1978) and physicochemical (Nakano et al., 1980; Jurnak, 1985) approaches. When the ternary aminoacyl-tRNA.EF-Tu.GTP complex binds to the A site of a ribosome, GTP is hydrolyzed and EF-Tu.GDP immediately dissociates from the ribosome-aminoacyl-tRNA complex. This dissociation enables the polypeptide elongation cycle to proceed and EF-Tu.GTP regenerated by the action of EF-Ts brings another aminoacyl-tRNA to the ribosome. Thus, the GTP hydrolysis is thought to drive the cycle of peptide elongation reaction in an irreversible, unidirectional fashion (Kaziro, 1978) . By analogy, the role of the GTP-binding proteins in secretion may be to promote a cyclic reaction of protein transport unidirectionally. Bourne (1988) has suggested that a GTP-binding protein may recycle between donor and acceptor membrane compartments and direct the vectorial transport of proteins by using the energy of GTP. In the case of Sarlp, this recycling could involve membrane vesicles. We have speculated that Secl2p may recycle between the ER and the Golgi membranes from the observation that Secl 2p molecules undergo slow but progressive modification in the Golgi (Nakano et al., 1988) . Like the polypeptide elongation cycle, Secl2p.Sarlp.GTP may bring a vesicle containing a cargo of secretory proteins to the Golgi membrane. Conceivably, somewhere in the processes of membrane fusion and protein sorting, Sarlp would hydrolyze GTP and the release of Sarlp.GDP might enable the return of shuttling vesicles to the ER.
To address the roles of Secl2p and Sarlp in membrane traffic, cell-free ER-Golgi transport systems developed by Baker et al. (1988) and Ruohola et al. (1988) will be of great use. What is especially interesting to us is that these in vitro reactions are inhibited by GTP~S. Whether the target protein is Sarlp or not should be tested. Our finding that another ERGolgi SEC gene, SEC16, also shows genetic interaction with SAR/suggests that a complex mechanism is operating in this inter-compartmental transport step. The thorough understanding of the structure and function of the secretory machinery still remains as a challenging goal of our efforts.
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